A theoretical model is developed to describe the experimental results obtained for the isobaric thermal conductivity of rare gas solids (RGS). The isobaric thermal conductivity of RGS has been analysed within Debye approximation with regard to the effect of thermal expansion. The suggested model takes into consideration the fact that thermal conductivity is determined by U-processes while above the phonon mobility edge it is determined by "diffusive" modes migrating randomly from site to site. The mobility edge ω 0 is determined from the condition that the phonon mean-free path restricted by the U-processes cannot be smaller than half of the phonon wavelength.
Introduction
In the high temperature region, at Debye temperature (Θ D ) and higher, the thermal conductivity of perfect crystals is determined mainly by phonon-phonon interactions. However, with the increased complication of crystalline structure, there appear new types of thermal motions, which are capable of affecting the thermal conductivity and thus complicate the analysis of its temperature dependence [1] . In this respect, the solidified inert gases are very convenient objects in order to compare the experimental results with the theory, since in this case, the lattice dynamics does not get complicated by the contribution of optical phonons, librons, and by the effects related to structural disorder. It is generally known that according to the theoretical predictions [2] , the lattice thermal conductivity should be inversely proportional to temperature Λ ∝ 1/T at T Θ D . However, as early as in the first experimental studies the results have been obtained, which cannot be described within the framework of existent theoretical models of heat transfer [2, 3] . Both isobaric and isochoric thermal conductivities of RGS possess the temperature dependence that considerably differs from the 1/T one [3] . At isochoric conditions, the thermal conductivity depends on temperature much slower than 1/T [4] . This is connected with the fact that the mean free path of phonons in these substances becomes of the order of interatomic distance at premelting temperatures [4] . The analysis of experimental data [1, [5] [6] [7] for isobaric thermal conductivity points to some typical tendencies in the behavior of its temperature dependences. In the given temperature range, the experiments at constant pressure showed that the thermal conductivity varied more rapidly than 1/T .
In the present paper, we concentrate on the quantitative analysis of high temperature isobaric thermal conductivity in solid Ar, Kr, and Xe. Simulation was carried out within the framework of Debye approximation by using the concept of the lower limit of thermal conductivity and taking into account the effect of thermal expansion of the samples.
Calculations and comparison with experiment
In the current work we consider only the isobaric thermal conductivity. The study of isobaric thermal conductivity is very important for the practical use of substances under real-life conditions. In the solidified inert gases such as Ar, Kr, and Xe, the phonon-phonon interactions turn out to be the main mechanism determining the value and the temperature dependence of the thermal conductivity Λ(T ) at the Debye temperature and higher (He and Ne melt at temperatures much below Θ D [3] ). Figure 1 shows the isobaric thermal conductivity of Ar, Kr, and Xe (black squares) [5] . It decreases with the increase of temperature as Λ The solid lines are the fitting curves for isobaric thermal conductivity. Λ ph and Λ dif are contributions of phonons and "diffusive" modes to heat transfer, respectively. The lower limit of the thermal conductivity Λmin is calculated according to equation (2) . Λ cal is the thermal conductivity calculated according to equation (1) .
We begin our quantitative analysis of experimental data with a simple approach where the heat transfer is described in the well-known theoretical 1/T dependence and takes into account the effect of thermal expansion. In these calculations we use the expression of Leibfried and Shlömann [8] :
where a is the lattice parameter, m is the atomic mass, γ is the Grüneisen parameter, K is the numerical coefficient (table 2). Note that the values a, γ, and Θ D depend on temperature at a constant pressure due to the thermal expansion of the samples (see table 1 ). The results of calculations carried out according to equation (1) are depicted in figure 1 as dashed lines. The necessary initial data were taken from [5, 7, [9] [10] [11] [12] [13] . The temperature dependences of the values used in the calculations are listed in table 1. As it is seen in figure 1 the calculated thermal conductivity Λ cal decreases with the temperature increase more rapidly than the experimental one (Λ
These results showed that the experimental isobaric thermal conductivity of solid Ar, Kr, and Xe could not be completely explained by taking into account the processes of thermal expansion of samples only. It led us to the suggestion that such a behavior of thermal conductivity (figure 1) can be related to the thermal conductivity approaching its lower limit. The model of the minimum thermal conductivity Λ min proceeds from the assumption that all the excitations are weakly localized in the region whose sizes are half of the phonon wavelength λ/2. Consequently, the vibrational excitations can hop from site to site through thermal diffusion [14] . In this case the Λ min can be written as
where
, υ is the polarization-averaged sound velocity, and n is the number of atoms per unit volume. From figure 1 it can also be noted that the experimental thermal conductivity of solid Ar, Kr, and Xe approaches its lower limit at premelting temperatures, being no more than twice that value Λ min , calculated using the equation (2) (see table 2 ). The last one, qualitatively conforms to the case of strong phonon scattering, when the meanfree path of vibrational modes is substantially limited and approaches the phonon wavelength. In this respect, in order to quantitatively describe the temperature dependences of isobaric thermal conductivity of solid Ar, Kr, and Xe, we used the Debye model of the heat transfer [2] and Roufosse and Klemens assumption [15] concerning the lower limit of the phonon scattering length. According to the Debye formalism, the lattice thermal conductivity is determined by integrating over all angular frequencies ω:
where ω D is the Debye frequency (ω D = 6π 2 1/3 υ/a), and l (ω) is the phonon mean free path determined by the U -processes at T Θ D , and for the perfect crystal it can be written as
Expression (4) is not applicable if l (ω) becomes of the order or smaller than half of the phonon wavelength λ/2 = πυ/ω. The problem is then to determine the density of states and the eigenfrequencies of these excitations. A similar situation was considered previously for the case of Uprocesses [15] . In this case, the mean free path of high-frequency phonons for frequencies lager than a frequency ω 0 becomes constant and comparable with an interatomic distance, whereas the mean free path of low-frequency phonons is determined by equation (4) as before:
where α is the numerical coefficient of the order of unity. We have assumed the excitations whose frequencies are above the phonon mobility edge ω 0 to be "localized" or "diffusive". Since completely localized modes do not contribute to the thermal conductivity, we suppose that the localization is weak and the excitations can hop from site to site diffusively, as it was suggested by Cahill and Pohl [14] . The frequency ω 0 can be expressed from the equations (4,6) as
The integral of thermal conductivity (3) is subdivided into two parts describing the contributions to the heat transfer from the low-frequency phonons and high-frequency "diffusive" modes:
In the high-temperature limit (T Θ D ) these contributions are as follows:
The computer fitting of the thermal conductivity using equations (8-10) was performed by varying the coefficients A and α using the least squares method. The parameters of the Debye model for thermal conductivity used in the fitting as well as the fitted values A and α are listed in table 1 and table 2 . The fitting results for isobaric thermal conductivity of solids Ar, Kr, and Xe are shown in figure 1 (solid line) . The same figure shows the contributions (dot-and-dash lines) to the heat transfer from the low-frequency phonons Λ ph and the high-frequency "diffusive" modes Λ dif (calculated by equations (9), (10)). The dotted line shows the lower limit of thermal conductivity Λ min (2) calculated for the isobaric case according to Cahill and Pohl, within the framework of the Einstein model of heat transfer directly from atom to atom [14] . It can be seen from figure 1, that the results obtained taking account the effect of the thermal expansion and "diffusive" heat transfer fit the experimental dependences well, and the differences do not exceed 7%. While calculating we used the assumption that the minimal phonon mean-free path is equal to one half of the wavelength. However, it should be noted that this is only one of the possible assumptions. For example, Slack [16] supposed that the scattering length is equal to the phonon wavelength.
Conclusion
To summarize, we can say that the data of this study are helpful in understanding the heat transfer mechanisms in dielectric crystals under isobaric conditions. To begin with, our results, demonstrate that the isobaric thermal conductivity of rare gas solids can be described in a model, where the heat is transferred by low-frequency phonons and above the phonon mobility edge by "diffusive" modes migrating randomly from site to site. Besides, the present model takes into account the thermal expansion of the samples. The results also indicate a considerable effect of the thermal expansion and insignificant heat transfer by "diffusive" modes. The quantitative analysis showed that the thermal conductivity of solidified Ar, Kr, and Xe approaches its lower limit at premelting temperatures.
Based on these studies it seems reasonable to conclude that the main cause of considerable deviations of the isobaric thermal conductivity of rare gas solids from the dependence 1/T is the thermal expansion of the samples.
